man gene for torsion dystonia has further confirmed the organic basis of torticollis. 39 Spasmodic torticollis has been notoriously difficult to treat. 40 Oral pharmacotherapy typically provides no substantial relief of the dystonic muscle contraction state. Analgesic agents, sometimes in high doses, may be necessary to control pain. The most recent breakthrough in the treatment of spasmodic torticollis was the introduction of botulinum toxin administration in the 1980s. 5, 30 Injection of this agent into dystonically contracting muscles induces local weakness and hence reduces spasms. There have been limitations with this therapy, however. The benefits typically last only 2 to 3 months and repeated injections are necessary several times every year. Some patients fail to respond and in some the symptoms become refractory to botulinum toxin treatment with repeated injections, often due to the development of anti-botulinum toxin antibodies.
nique for the treatment of spasmodic torticollis that parallels the effects of botulinum toxin treatment. The rationale for both is the selective weakening of those cervical muscles mediating the dystonic muscle contraction state. The Bertrand procedure is based on the extraspinal denervation of the primary cervical musculature that participates in abnormal neck postures, leaving the uninvolved muscles to maintain adequate neck movement.
For more than a decade, we have been offering selective peripheral denervation with the aid of the Bertrand technique. We now report on a long-term follow up of a consecutive series of 168 patients with spasmodic torticollis who had undergone this procedure, which was performed by the senior author (D.H.D.). We also attempt to identify potential preoperative indicators associated with improved surgical outcomes. We previously reported on our preliminary results in a small group of patients with spasmodic torticollis. 15 
Clinical Material and Methods

Patient Population
Between June 1988 and July 1996, 168 consecutive patients underwent selective peripheral denervation for the treatment of idiopathic spasmodic torticollis at the Mayo Clinic in Rochester, Minnesota. Patients who had previously undergone surgery for torticollis at another institution were not included in this study. There were 79 men (47%) and 89 women (53%) with a mean age of 53.4 years (range 16-78 years). A summary of patient characteristics is shown in Table 1 .
Neurologists who specialize in movement disorders (J.E.A. and J.Y.M.) and a sole neurosurgeon (D.H.D.) independently evaluated all patients. A complete neurological examination was performed as part of that workup. The cervical dystonia was idiopathic except in rare cases in which it was provoked by minor head or neck trauma. In some patients the spasmodic torticollis was a component of more widespread dystonia (segmental or generalized). The duration of symptoms ranged from 0.5 to 37 years (8.6 Ϯ 7.1 years, mean Ϯ SD). Twenty-nine patients (17%) had associated phasic head movements and 43 (25%) experienced head tremor. Each patient's neck posture at presentation was characterized as one or a combination of two predominant torticollis vectors. Rotational torticollis was identified in 141 patients (84%), laterocollis in 59 (35%), retrocollis in 19 (12%), and anterocollis in 12 (7%); 70 patients (42%) presented with two vectors. Twenty patients presented with pure laterocollis, two with retrocollis, and one with anterocollis.
Prior Medical Therapy
All patients had undergone other forms of relatively noninvasive therapies prior to surgery. Injections of botulinum toxin Type A had been administered in 144 (86%) of 168 patients. Of these, five patients (3.5%) did not respond to the initial administration of the toxin (primary nonresponders). Among 139 patients who benefited from botulinum toxin treatment, the response was considered to be slight in 47 (34%) and substantial in 92 (66%). Among the 92 patients with an initially substantial response, most experienced a declining benefit later. Many may have developed botulinum toxin antibodies, but this phenomenon was not formally measured. In one patient, the botulinum toxin exacerbated her symptoms. Almost all patients had also been treated with multiple medications, including benzodiazepine, anticholinergic, muscle relaxant, anticonvulsant, and various forms of narcotic or nonnarcotic analgesic agents.
Electromyography Mapping Study
An EMG mapping study was performed in 165 patients by using a previously described electrophysiological protocol. 43 Dystonic activity was recorded while the patient was placed in an involuntary posture and not resisting the abnormal movements. Monopolar EMG needle electrodes (37-mm-long, 27-gauge) were inserted into the SCM, splenius capitis, semispinalis, trapezius, levator scapulae, and posterior scalene muscles bilaterally. The ipsilateral earlobe was used as the point of reference. Electromyography recordings were obtained using eight channels at a time through a bandwidth of 20 to 10,000 Hz. Muscle activity was deemed dystonic if the EMG recordings revealed consistent tonic or phasic patterns of discharge and if the amplitude of the discharge was 50% or more than that observed during maximal voluntary activation. This EMG study was performed preoperatively and used in the selection of muscles for surgical denervation.
In almost all cases, multiple muscles were active on EMG testing. In 111 patients (66%), muscles that revealed dystonic activity on EMG and were considered to be among those involved in a patient's cervical dystonia were not surgically amenable to denervation (for example, trapezius or scalene muscles).
Neuroimaging Procedures
Plain x-ray films of the cervical spine were obtained in every patient to rule out rotatory subluxation and to evaluate the degree of cervical spondylosis. The extent of spondylotic changes visualized on the x-ray films was often more pronounced than expected for a patient's age. A few pa- 
Postoperative Evaluation
During the follow-up evaluation, the overall clinical status of each patient was assessed independently by the neurologist or movement disorders specialist, who rated surgical efficacy. The rating classes were as follows: marked improvement referred to an almost normal head position with significant reduction in pain and/or spasms; moderate improvement signified some residual dystonic head deviation and pain and/or spasms, but substantial improvement compared with the preoperative state; and a poor result indicated that a patient did not benefit or that his or her condition continued to worsen after surgery.
Statistical Methods
Preoperative head position, severity of abnormal posture of head, symptom duration, presence of tremor or phasic dystonic movements, or failure to respond to botulinum toxin treatment were analyzed to determine their correlation with the patient's final outcome after surgery. We calculated chi-square tests of independence to determine whether a categorical variable was related to a successful outcome. For continuous variables such as patient age or duration of the disease, the nonparametric Wilcoxon rank-sum test was used.
Surgical Considerations
Eligibility Criteria
The eligibility criteria for an appropriate surgical candidate included the following: 1) consistent disabling dystonic symptoms occurring for at least 2 years; 2) no other evidence in a patient's medical history, physical examination, or imaging study results to suggest another underlying neuropathological process; and 3) failure of appropriately aggressive medical therapy. Having undergone a previous trial of botulinum toxin treatment was not an inclusion criterion even though the majority (86%) of the patients in this series had received at least one injection of botulinum toxin prior to surgery. Patients were also deemed ineligible if severe dystonic tremor was the primary component of their cervical dystonia or if they had risk factors contraindicating general anesthesia.
Surgical Procedure
We perform the selective peripheral denervation procedure while the patient remains in the sitting position; the technique we use is similar to that described by Bertrand, et al. 1, 3, 4 The goal of surgery is selective extraspinal denervation of muscles involved in abnormal neck movements as determined by clinical examination and preoperative EMG recordings. The procedure for both rotational torticollis and laterocollis involves denervation of the ipsilateral posterior cervical paraspinal and splenius capitis muscles. Denervation of the SCM muscle is performed on the contralateral side for rotational torticollis and on the ipsilateral side for laterocollis. The operation is conducted with the patient in a state of light general anesthesia.
A 4-to 5-cm incision is made from the dorsal edge of the designated SCM muscle. The branches of the accessory nerve providing innervation to the trapezius muscle are respected to prevent postoperative shoulder weakness. Following the accessory nerve more proximally up to the styloid process, one can isolate its several branches (commonly three-six) innervating the SCM muscle. These branches are resected and avulsed. Electrical monopolar stimulation (stimuli of 0.5-2 V of 1-to 2-msec duration, RFG-3CF; Radionics, Burlington, MA) is used to identify other residual small nerve branches to the SCM muscle. Small branches of the spinal roots through the cervical plexus or a recurrent branch of the accessory nerve may provide additional innervation to the SCM muscle and can be easily missed. 7 We therefore transect the SCM muscle completely and stimulate the adjacent area for other small nerve branches that may have initially escaped our attention.
The second stage of the operation involves denervation of the posterior neck musculature. These muscles, including the splenius capitis and cervicis muscles, receive the majority of their innervation from the posterior rami of C1-6. A Bertrand hockey stick incision is used, because a straight incision often necessitates excessive lateral retraction for adequate exposure, which can cause transient neurapraxia of cervical nerve branches and thus interfere with their identification during electrical stimulations. Spinous processes of C2-6 are exposed and the cleavage plane between the semispinalis capitis and semispinalis cervicis muscles is entered. The dissection is carried laterally and the semispinalis capitis muscle is reflected laterally to reach the articular pillars (Fig. 1 left) . With the aid of the operating microscope and monopolar stimulation, the posterior rami are isolated and avulsed. The C-1 posterior branches are avulsed distal to their ventral rami. The C-1 and C-2 roots should be handled gently given that forceful pulling of their ventral rami may cause transient postoperative dysphagia. Similarly, C-2 posterior branches are clipped and avulsed distal to their ventral rami.
The posterior rami of C3-4 are followed to the neural foramen and are clipped and avulsed proximal to the lateral branches (Fig. 1 right) . The posterior rami of C5-6 are smaller and closer to the notch between the articular facets, and thorough electrical stimulation of the region often reveals small posterior rami missed on the initial inspection. Denervation is extended caudally as far as C-6 if stimulation confirms residual innervation to semispinalis or splenius capitis muscles. If no further muscle contraction is elicited on high-voltage stimulation (2 V) of the periarticular area at every level, denervation is considered to be complete.
In cases of pure laterocollis, denervation of the involved levator scapulae muscle is often indispensable and its dissection is directed more anteriorly at C-2, C-3, and C-4 until the muscle is observed inserting into the transverse processes at these levels. The ventral branches of the C-3 and C-4 nerve roots are visualized after sectioning the C-3 and C-4 attachments of the levator scapulae muscle. The branches of the ventral rami that selectively innervate this muscle are confirmed using electrical stimulation and are avulsed.
Postoperative Care
Patients are transferred to the ward and are progressively mobilized. A rigorous physical therapy program is begun gradually on the 3rd or 4th postoperative day. A few patients with other features of dystonia may experience transient worsening of their symptoms, which requires special attention. Outpatient intensive rehabilitation treatment directed by a therapist experienced in cervical dystonia is considered to be an important adjuvant treatment during the 6-to 12-week postoperative period to strengthen and/or retrain the muscles uninvolved in dystonia that are necessary for full neck movement.
Results
Surgical Results
Of the 168 consecutive patients who had undergone the selective denervation procedure described in this study, 162 were evaluated 3 months postoperatively (six patients never returned for any of the postoperative evaluations). Unilateral SCM muscle and contralateral posterior muscle group denervations for rotational torticollis were performed in 107 patients. For laterocollis, ipsilateral SCM muscle and posterior muscle group denervations were performed in 36 patients, whereas unilateral SCM muscle and posterior muscle group denervations were performed in three and 16 cases, respectively. Two patients underwent SCM muscle denervation for anterocollis; the SCM muscle was denervated in one other patient with an unusual combined vector.
Two patients underwent bilateral posterior muscle group denervation for retrocollis. Bilateral posterior muscle group and bilateral SCM muscle denervations were performed in one patient with combined rotational torticollis and laterocollis. Seven of the patients with complex torticollis vectors underwent staged denervation procedures.
Patient Outcomes
At the 3-month postoperative evaluation, 125 (77%) of 162 available patients had moderate to excellent improvement in their head position; pain was moderately to markedly improved in 131 (81%). The original level of moderate to excellent improvement in both head position and pain was retained in at least 71 patients (70%) at the last follow up (Table 2) . Some patients noted continued improvement in their symptoms up to 3 years after surgery. Long-term postoperative follow up was performed in 130 patients, and its duration ranged from 3 months to 11.4 years (3.4 Ϯ 2.31, mean Ϯ SD).
Outcome could not be predicted based on preoperative head position, patient sex, severity of abnormal posture of head, symptom duration, presence of tremor or phasic dystonic movements, or failure to respond substantially to botulinum toxin treatment (Tables 3 and 4 ). The involvement of muscles not amenable to surgical denervation (trapezius or scalene muscles) based on preoperative EMG recordings was not correlated with a worse postoperative outcome.
Repeated Operations
Seventeen patients (10%) underwent a second operation for recurrence of their symptoms. Repeated denervation of the SCM muscle was performed in seven patients and of the posterior muscle group in eight. Two patients required repeated denervation of both the SCM muscle and the posterior muscle group. In these cases, EMG recordings demonstrated reinnervation of previously denervated muscles. Thirteen (76%) of these 17 patients experienced moderate to marked improvement of their pain and head position after a second surgery, with a mean follow up of 18.3 months. Three patients reported some improvement and no additional follow up was available in one patient.
Postoperative Complications
No significant swallowing difficulties were noted in any patient after surgery. No patient reported significant neck muscle weakness that compromised head control. Three patients suffered from persistent C-2 distribution dysesthesias. One patient had a wound infection that was successfully treated with antibiotic agents. Another patient suffered from an uncomplicated postoperative myocardial infarction and one patient had a pulmonary embolism; both were treated medically without further sequelae. Two patients had transient postoperative hypoxia (one due to pulmonary edema and the other due to unknown causes).
One patient in this series suffered respiratory arrest on the 1st postoperative day after an uncomplicated denervation procedure for right rotational torticollis. He underwent a tracheostomy and eventually made an excellent recovery. Despite extensive evaluation, no cause for his respiratory failure could be found; it may have been due to laryngeal dystonia. Three patients had slight nondisabling shoulder weakness after surgery, and in one patient it completely resolved within 3 months.
The one death in this series occurred in a 64-year-old man with a history of idiopathic myopathy, right laterocollis, and left rotational torticollis. He had weakness in his neck flexor muscles related to myopathy, and denervation was carefully designed to avoid excessive neck weakness postoperatively. He therefore initially underwent only right SCM muscle denervation, with some improvement. His symptoms recurred a few months later, however, and were not responsive to botulinum toxin injections. He underwent a second surgical procedure during which the posterior muscle groups were denervated and the right SCM muscle was explored. He was doing well on the night after surgery, but he suffered a respiratory arrest the following day, most likely related to an inability to protect his airway. His preexisting chest-wall muscle weakness may not have allowed him to clear his oral secretions. Although he was resuscitated, he was neurologically compromised and later died in a nursing home.
Discussion
The musculature involved in torticollis includes the SCM muscle, which is active in more than 75% of all cases. 26 Posterior neck muscles such as the splenius capitis and cervicis, obliquus inferior, and rectus capitis posterior also play a major role in producing torticollis postures. 32, 36 Botulinum toxin injections have proven effective in 75% of patients with torticollis and continue to play an important role in the treatment of this disease.
14 Nonetheless, up to 14% of patients do not respond to botulinum toxin or subsequently develop antibodies after repeated injections. 35 This form of therapy is expensive and requires multiple injections every year indefinitely. The condition of patients often deterio- rates at the end of their 3-to 4-month cycle of treatment, 37 and thus they may opt for more definitive therapy.
Surgical Therapy
Due to our lack of understanding of the basic pathophysiological processes involved in torticollis, multiple ablative surgical techniques aimed at the peripheral and central nervous system have been used in treating abnormal neck movements. Peripheral denervation techniques for cervical dystonia were first described more than a century ago by De Morgan 16 (1866) and Keen 32 (1891). In 1923, Cushing combined the technique developed by Taylor (as later described in Dandy) 13 and the one reported by Keen 32 and performed intradural sectioning of the upper cervical roots and accessory nerve with good results (as described in Rossitch, et al.) . 41 In 1930, Dandy 13 modified Finney's operation involving bilateral resection of the C1-3 motor and sensory roots by substituting bilateral peripheral division of the accessory nerves. These denervations were nonselective and weakened the dystonically active muscles as well as the uninvolved antagonistic, pharyngeal, and laryngeal muscles, thus causing disability due to swallowing difficulty and neck weakness.
Subsequently, Bertrand and coworkers [1] [2] [3] [4] refined this surgical strategy by confining the denervation to only dystonically active muscles pulling in the direction of the primary dystonic vector. Later data collected by this group confirmed the efficacy of selective peripheral denervation for the treatment of cervical dystonia. Other procedures have also been investigated, including myectomy, 45 spinal cord and transcutaneous stimulation, 24 ,25 intradural selective rhizotomies, 23 thalamotomy, 38 and microvascular decompression. 31 The most common forms of torticollis in patients who were offered surgery in this series were rotational torticollis and laterocollis. Earlier in our practice, we extradurally sectioned the ventral rami of the C-1 and C-2 roots as well as their posterior rami. After further study and consultation with Bertrand, however, this practice was discontinued given that ventral rami contribute minimally to dystonia but are known to contribute to the innervation of the pharyngeal muscles. 42 This modification of the original Bertrand technique has not been associated with an increased rate of recurrence. Even though the patients in the later part of the series had slightly improved pain outcome, this finding was not statistically significant (p = 0.14).
The trapezius muscle is not considered a primary agonist for normal head and neck rotation 4, 9, 17 and its denervation could result in the patient's inability to elevate his or her arm above the horizontal plane. This muscle may be hyperactive in patients with laterocollis. 4, 17 It should not be subjected to denervation unless its dystonic activity has caused significant elevation and anteversion of the shoulder, or pain. Krauss, et al., 33 have described an asleepawake-asleep anesthetic technique that is used to perform myotomy or myomectomy of the upper portions of the trapezius muscle safely with the aid of continuous monitoring.
Two patients in this series presented with pure retrocollis and underwent bilateral posterior muscle group denervations. Ramisectomy was limited to C-4 on one side and C-5 on the other to decrease the risk of excessive neck weakness, although Bertrand, et al., 2 have reported that denervation can be safely conducted as caudally as C-6. To avoid these risks further, Chen and colleagues 10 have suggested a more limited myectomy procedure in these cases. They have reported on the bilateral partial resection of the upper part of the trapezius and the semispinalis capitis and cervicis muscles, with marked improvement of symptoms in 13 of 15 patients. These muscles are considered most essential in generating the retrocollic posture.
Surgical treatment of anterocollis is rarely described given that the pure form of this disorder is very rare. Often there is marked synchronous EMG activity of the SCM and longus colli muscles during forward flexion and during right and left lateral bending in patients without dystonia. 44 In our experience, the surface muscles accessible during EMG monitoring are often silent in patients with anterocollis. We suspect that the longus colli muscles are the primary mediators of anterocollis. These deep muscles are not easily accessible for complete denervation, however. Xinkang 45 has described bilateral accessory nerve section for anterocollis in two patients, with good results. One patient in our series underwent selective denervation of bilateral active SCM muscles for pure anterocollis and experienced marked improvement.
Authors of other studies 6, 8, 22, 35, 37 have reported a less effi- 21 Although we have not tabulated our patients' responses to postoperative botulinum toxin administration, there have been numerous patients who have substantially benefited from the surgery and then realized further improvement with supplemental botulinum toxin chemical denervation.
Staged procedures may be appropriate in difficult cases. This may prevent unnecessary denervation and avoid neck weakness and discomfort in the patient. In those with complex dystonic patterns, the first step can consist of denervation of the muscles involved in producing the most prominent torticollis vector that has the highest activity on EMG. Additional denervation can always be performed at minimal risk if required. Seven patients in our series underwent staged denervation procedures with satisfactory results.
Electromyography Mapping Study
Preoperative EMG mapping studies assisted in patient selection and surgical planning. Such studies were also an objective confirmation of the diagnosis in difficult cases. Surgery was performed if dystonic activity was confirmed in muscles amenable to surgery. Although this approach is logical, we can present no data to prove that it improves patient outcomes. Occasionally, unsuspected and antagonistic muscles may be involved in abnormal neck movements, and in these cases evaluation of EMG recordings will establish their activity. 2 Note that our data indicate that the involvement of some muscles that are not amenable to surgery should not necessarily prohibit surgery. Improvement can still occur with continued activity in these muscles or with combined surgical denervation and botulinum toxin therapy.
Even though postoperative EMG-demonstrated reinnervation was observed in a number of patients, only a minority of these experienced clinical recurrence of their preoperative dystonic movements and required further treatment.
Repeated Operations
Although authors of previous studies have reported a higher incidence of reinnervation of the SCM muscle compared with the posterior cervical muscle group, 37 we did not observe such a difference. Given that the posterior muscle group is not as accessible to direct examination, the reinnervation of muscles in this group may be underestimated. The SCM muscle may be reinnervated by branches of the accessory nerve or cervical plexus that were overlooked during the initial surgery. Thorough avulsion of peripheral branches by using meticulous electrical stimulation is critical in avoiding recurrence. Upper cervical roots often form an anastomosis and any residual innervation can reinnervate multiple muscles. 4 Because very proximal collateral branches around the neural foramen are often difficult to reach, they may escape denervation. In this series, repeated denervation was associated with improved outcomes in the majority of patients (76%) and therefore should be considered if symptoms recur. Patients who experience a recurrence of symptoms after denervation and those with significant contractures may enjoy additional relief if selective myectomy is performed as an adjuvant to further denervation. 35 Even though muscle resection alone will cause partial denervation, more complete denervation may be necessary to decrease the risk of recurrence.
Postoperative Complications
In contrast to the significant swallowing difficulties reported in up to 53% of patients who have undergone selective intradural rhizotomy, 23 no patient in our series suffered from significant dysphagia. Two patients in our series did have significant complications after surgery, however. In one patient, worsening of the unrecognized preoperative laryngeal dystonia was likely the cause of his acute postoperative respiratory failure. This patient had preoperative symptoms consistent with mandibular dystonia. It is important preoperatively to recognize dystonic involvement of other body parts in patients with cervical dystonia. In a series of patients with cervical dystonia, 16% also had oral, 12% had facial, and 12% had mandibular dystonia. 30 These patients may require special postoperative care to prevent complications related to the transient exacerbation of extracervical dystonia.
Future Directions
Despite extensive denervation of cervical musculature performed during this procedure, patients retained a remarkable range of neck motion. Therefore, further detailed understanding of the neck musculature and reflex arcs is required to explore other reserve mechanisms involved in residual neck movement. There is much more to be learned about the central and peripheral mechanisms involved in torticollis. Recently, there has been a reemergence of interest in the central treatment of cervical dystonia by using bilateral stimulation of the globus pallidus internus, and good results have been reported. 34 This treatment may be more applicable in a subset of patients with a more complex and generalized form of dystonia. As our understanding of the pathophysiological basis of torticollis increases, more selective treatment options aimed at the primary factors involved in this disease process, together with more satisfactory results, will likely emerge.
Conclusions
Selective peripheral denervation has become the preferred surgical treatment for management of intractable spasmodic torticollis. This procedure is safe and offers persistent relief in the majority of patients regardless of their response to botulinum toxin therapy. As we learn more about the pathophysiological basis of central and peripheral mechanisms involved in the control of neck movements, we will be able to tailor the treatment for each individual patient, leading, we hope, to superior results.
